Abstract: X-ray phase-contrast imaging is a promising method for medical imaging and non-destructive testing. Information about the attenuation, small-angle scattering and phase-shifting properties of an object can be gained simultaneously in three image modalities using a Talbot-Lau interferometer. This is a highly sensitive approach for retrieving this information. Nevertheless, until now, Talbot-Lau interferometry has been a time-consuming process due to image acquisition by phase-stepping procedures. Thus, methods to accelerate the image acquisition process in Talbot-Lau interferometry would be desirable. This is especially important for medical applications to avoid motion artifacts. In this work, the Talbot-Lau interferometry is combined with the moiré imaging approach. Firstly, the reconstruction algorithm of moiré imaging is improved compared to the standard reconstruction methods in moiré imaging that have been published until now. Thus, blurring artifacts resulting from the reconstruction in the frequency domain can be reduced. Secondly, the improved reconstruction algorithm allows for reducing artifacts in the reconstructed images resulting from inhomogeneities of the moiré pattern in large fields of view. Hence, the feasibility of differential phase-contrast imaging with regard to the integration into workflows in medical imaging and non-destructive testing is improved considerably. New fields of applications can be gained due to the accelerated imaging process-for example, live imaging in medical applications.
Introduction
In conventional X-ray imaging, the attenuation image of an object is acquired. Thus, for example, in medical imaging, a good bone-tissue contrast can be achieved. Nevertheless, in recent years, many approaches have been made to get further information about the object by analyzing the behavior of the wave passing the object. These techniques can be divided into five main categories [1] : the interferometric methods using crystals [2, 3] , the propagation-based methods [4, 5] , the analyzer-based methods [6] [7] [8] , the grating interferometric methods [9] [10] [11] [12] and the grating non-interferometric methods [13] [14] [15] [16] . In this work, the moiré imaging method [17] [18] [19] in combination with a Talbot-Lau imaging system is applied.
Using a Talbot-Lau interferometer [12, [20] [21] [22] [23] [24] [25] [26] , information about the phase-shift and the scattering properties of an object can be obtained simultaneously [12, 27] . Therefore, this technique is very promising for applications in medical imaging [12, [27] [28] [29] [30] and non-destructive testing [12] .
It is, for example, possible to depict micro calcifications in mammography for earlier diagnosis of breast tumors [28, 29] or lung tissue to diagnose diseases like emphysema [30] .
However, with regard to clinical applications, it is desirable to keep the imaging process as short as possible. In conventional Talbot-Lau imaging, a phase-stepping has to be performed [11] to resolve the subpixel information. This is a time-consuming process as the acquisition time is increased by taking several acquisitions at different grating positions. Hence, this imaging process is prone to mechanical instabilities and motion artifacts.
In recent years, some attempts have been made to overcome this problem. Miao et al. [31] performed an electromagnetic phase-stepping method to overcome the mechanical requirements of stepping the grating precisely. In this publication, we apply the moiré imaging method. Thus, no mechanical requirements for the phase-stepping are necessary and it is a single-shot approach. Hence, motion artifacts and image artifacts due to vibrations of the setup can be reduced. For applying the moiré imaging method, a conventional Talbot-Lau interferometer can be used. The interferometer has to be slightly detuned to be able to observe a high frequency moiré pattern that can still be resolved by the detector. Then, only a single-shot exposure is necessary to retrieve information about the attenuation, differential phase-contrast and dark-field property of the object simultaneously. The information can be extracted from the Fourier transformation of the moiré pattern that is deformed by the object [17] [18] [19] 32, 33] . Compared to the phase-stepping approach, in moiré imaging, the spatial resolution is slightly reduced [33, 34] .
Nevertheless, this technique is easy to implement and shows great advantages due to short exposure times. Additionally, this method is robust concerning vibrations of the setup as it is a single-shot method. Only the reproducibility between reference and object measurement has to be given.
In this publication, an advanced reconstruction method for moiré imaging is presented to improve image quality and to overcome the problem of an inhomogeneous moiré pattern over a large field of view (FoV).
Materials and Methods

Moiré Imaging Using a Talbot-Lau Setup
In order to measure the effect of objects on the phase, the amplitude and the offset of the spatially coherent wavefront, a Talbot-Lau interferometer can be used [35, 36] (Figure 1 ). In the following, the general functionality of a Talbot-Lau interferometer is explained as it is also used to perform moiré imaging in this publication.
To separate the influence of the object on the incident wave from the influence of external impacts as, for example, imperfections of the gratings, an image without an object in the beam path is acquired. Subsequently, this image is called reference or free-field image. The reference information is marked by a sub-index "ref ".
Illuminating a phase grating G 1 with a wavefront that has a sufficient degree of spatial coherence, self-images of the grating can be observed in so-called Talbot distances. This is called Talbot effect. An object between the source and the grating G 1 can refract the incident wavefront [20, 26] . Passing though the object, the wavefront is speeded up. This leads to a phase-shift resulting in the observed refraction. The speedup depends on the material and is described by the complex index of refraction n = 1 − δ + iβ, where β describes the attenuation of X-rays and δ the phase-shift property within the material [37] . The refraction leads to a local shift of the Talbot intensity pattern downstream of G 1 perpendicular to the direction of propagation and to the grating bars. The small angle scattering, called dark-field information, can be observed in a reduced contrast of the Talbot intensity pattern. Setup of a Talbot-Lau interferometer. The object O deforms the X-ray wave front emitted by the source S. Because of the Lau and the Talbot effect (due to the gratings G 0 and G 1 ), a periodic intensity pattern can be observed in a Talbot distance z T downstream of G 1 . The period of the intensity pattern is small compared to the size of the detector pixel. In order to scan the pattern, a third grating G 2 has to be placed in a Talbot distance of G 1 in front of the detector. It is used either to sample the intensity pattern in conventional Talbot-Lau imaging or to generate a moiré pattern that can be resolved by the detector. The distance l can be be determined applying the intercept theorem.
The detector pixels are usually much larger than the period of the intensity pattern. Thus, the deformation of the self-image of G 1 can not be measured directly by the detector. Therefore, an analyzer grating G 2 has to be placed in a Talbot distance behind G 1 . In the presented moiré imaging procedure, G 2 has to be slightly rotated around the beam axis compared to the self-image of G 1 . For the ideal case, G 2 shows the same periodicity as the self-image of G 1 in the Talbot-distance. Thus, the superposition of both periodic structures that are rotated towards each other leads to a periodic pattern of lower frequency, called moiré pattern [38] . As the period of this moiré pattern is larger than the pixel size, it can be directly observed by the detector. Deformations of the self-image of G 1 caused by an object result in deformations of the moiré pattern.
As described, for example, by Takeda et al. [17] for the optical energy regime and Bennett et al. and Bevins et al. [18, 19] for the X-ray regime, the information about attenuation, differential phase-contrast and dark-field can be extracted from the Fourier Transform (FT) of the measured moiré pattern image. According to Bennett et al. [18] and Bevins et al. [19] , the mean intensity in each pixel can be reconstructed by taking the absolute value of the inverse FT of an area around the zero order harmonic I = |F In this context, F x is a pseudo code describing the area around the x th order harmonic of the Fourier transformation of the measured intensity image, and F −1
x is the inverse Fourier transformation of this area. A more detailed explanation of how to determine the extent of these areas is given in Section 2.4.1. Furthermore, | · | means the absolute value of the complex Fourier transformation, and arg(·) means the angle or the complex part of the complex Fourier transformation.
The three imaging observables can be calculated for each pixel with I, V and φ as follows:
attenuation image:
differential phase-contrast image:
dark-field image:
Using a polychromatic X-ray source with a large focus, a third grating G 0 that is placed right behind the focus is required. It creates mutually independent slit sources whereof each of them behaves like a single coherent source [12, 39, 40] .
The procedure to define "an area around the zero order harmonic" respectively "an area around the first order harmonic" is not unique. As an example, a sharp cut around the zero order harmonic of the moiré pattern eliminates high spatial frequencies and thus leads to blurred edges. Furthermore, by applying sharp cuts in the frequency domain of objects with sharp edges, ringing artifacts can be observed in the reconstructed images. In the following, an improved reconstruction technique will be introduced. Additionally, due to grating and setup imperfections, the moiré pattern is not regular over the whole FoV for a large setup. By reconstructing the whole matrix at once, the irregularities of the moiré pattern lead to artifacts in the reconstructed image. To avoid these artifacts, a piecewise reconstruction algorithm is presented in the following. This approach is subsequently called sliding window reconstruction. It is important to remark that this method addresses a different problem than the sliding window phase stepping presented by Zanette at al. [41] .
Setup
The image data used in this publication are acquired with a Talbot-Lau interferometer. The setup is described in the following. A Siemens MEGALIX Cat Plus 125/40/90-125GW (Siemens, Munich, Germany) is used as an X-ray source. The detector is a Teledyne Dalsa Shad-o-Box (Teledyne DALSA, Waterloo, ON, Canada) with 50 µm pixelpitch. Tables 1 and 2 show further parameters of the setup. All measurements are performed using a 40 kVp spectrum.
Measurement Samples
The phantom consists of three components (see Figure 2 ). The components are chosen in order to receive a constant signal in each image modality. The component on top of the image is a synthetic sponge of constant thickness causing a constant dark-field signal. In the middle, a step wedge made from Polymethyl methacrylate (PMMA). is used to examine the behavior of the attenuation image. The component on the bottom is a PMMA wedge of constant slope. This should result in a constant differential phase signal. Figures 3, 4, 6 and 7 show an image section comprising the edge of the sponge and of the step wedge marked by the green rectangle. Thus, the reconstruction details are more visible. Due to the high magnification of the images of the green box, these images seem to be pixilated. In these figures, the contrast is enhanced to visualize the artifacts and to emphasize the reconstruction details. Thus, the object information is saturated and there seem to be overexposed and underexposed areas in the images. To better detect the object information, a more appropriate choice of contrast is shown in Figure 9 , which shows the images of the whole phantom. This area is marked by the red rectangle in Figure 2 and the corresponding images are shown in Figure 9 .
The image of a human finger (ex-vivo) is shown in Figure 10 . The specimen is provided by the Anatomical Institute II of Friedrich-Alexander University Erlangen-Nuremberg. Figure 2 . Photograph of the phantom. It consists of a synthetic sponge of constant thickness (top), a step wedge made from PMMA (middle) and a PMMA wedge with a constant slope (bottom). The red rectangle shows the area of the phantom that is imaged. The green rectangle marks the region that is imaged in the more detailed pictures. Figure 3c shows the Talbot-moiré image obtained for the green marked area of the phantom shown in Figure 2 . Figure 3a shows the corresponding reference image without phantom in the beam path. The moiré pattern generated by the superposition of the self-image of G 1 and the slightly rotated G 2 is clearly visible. Three peaks related to this pattern can be observed in the Fourier transformed image in Figure 3b of the reference image and in Figure 3d of the object image.
Reconstruction Algorithm
Frequency Filters
The central peak in Figure 3b ,d, called the 0th harmonic (red arrow in Figure 3b ,d, is located around the zero frequency position, which is in the center of the frequency space. This peak is not as dominant in the image of the FT of the reference image (Figure 3b ) as in the image of the FT of the object image (Figure 3d ). The reference image is dominated by the moiré pattern and no object information is contributing to the low-frequency signal like in the image of the object. The two remaining peaks, called the 1st and −1st harmonics (green arrows in Figure 3b ,d, are located around the frequency of the moiré pattern (± f moiré ). The scattering and the phase-shift properties of the object are coded in a reduced contrast and a shift of the moiré pattern, respectively. Thus, the visibility and phase-shift information is represented in the 1st and −1st harmonics and their surroundings, whereas the attenuation information is coded in the area around the 0th harmonic. Consequently, as mentioned above and described for example by Bennett et al. [18] and Bevins et al. [19] , the information of the harmonics has to be reconstructed separately. As the Fourier space is symmetric to the zero frequency, only positive frequencies are used to reconstruct the images.
If the different harmonics in the Fourier space are separated by a sharp cut, ringing artifacts and blurring will be observed in the reconstructed images (Figure 4 ). Ringing artifacts occur at sharp edges in the reconstructed images due to the fact that sharp edges are represented by a superposition of nearly all frequencies in Fourier space. By setting all high frequencies to zero, the edge is not represented correctly anymore. Ringing-like artifacts occur in the reconstructed images like shadows of the edge. These artifacts can be reduced if the different harmonics in Fourier space are not separated by a sharp cut. It is more appropriate to separate the harmonics by applying a Gaussian-shaped frequency filter centered at the maximum of the harmonic, which should be separated. It has to be considered that the Gaussian cut acts as a low pass filter. Thus, it has to be as sharp as possible to minimize the blurring effect. By contrast, it has to be as wide as possible to reduce the ringing artifacts. Hence, the width of the Gaussian is limited by half of the distance between the harmonics in Fourier space. The most feasible Gaussian has been found empirically. In addition, a region around the 1st harmonic is set to zero when cutting the 0th harmonic. Thus, no moiré artifacts are observed in the attenuation image. Bennett et al. [18] and Bevins et al. [19] only consider a small area around the harmonics for reconstructing the different image domains. Neglecting the high frequencies causes blurring in the reconstructed images. For reconstructing the different image domains, it is necessary to suppress the harmonics that do not contribute to the image information. Nevertheless, it is not necessary to suppress high frequencies that are not correlated with the moiré pattern.
Thus, in this publication, improved cutting filters in Fourier space are presented in order to enhance image quality and avoid blurring artifacts.
The optimized filters are shown in Figure 5c ,d in comparison to the sharp, conventionally used filters a,b. All cuts are performed by a Gaussian distribution whose standard deviation is as small as possible to avoid blurring artifacts without receiving ringing artifacts. In addition, in Figure 5c , the cut of the 0th harmonic towards the frequencies larger than the 1st harmonic is a very narrow Gaussian distribution. Furthermore, some values around the minimum of the Gaussian are set to zero as the smoothing effect of the low gradient of the Gaussian towards its extremum has to be reduced. Thus, it is difficult to recognize the Gaussian-like shape in the depiction.
Using these filters, it is ensured that only frequencies are set to zero, which carry interfering information for the single image domain. Especially when cutting the 0th harmonic, high frequencies are not neglected. This of course leads to a higher noise level in the reconstructed images. However, sharp edges are also less blurred as the high frequencies are necessary to depict edges as sharp as possible. 
Sliding Window Reconstruction
The moiré pattern is not completely regular over a large FoV. This is, for example, due to grating imperfections and misalignments of the gratings. Hence, the frequency and the orientation of the moiré pattern vary slightly over the FoV. Reconstructing the images as described above a constant frequency and orientation is required. Otherwise, artifacts occur that can especially be seen in the attenuation image, e.g., in Figure 6a . Therefore, it is preferable to limit the reconstructed areas to windows with a constant frequency of the moiré pattern. Additionally, the window should be small enough that the orientation of the pattern does not change within it. It has been empirically found that the smallest reconstruction window leading to meaningful results comprises two moiré periods. Thus, it is ensured that artifacts of defect detector pixels within one period of the moiré pattern or severe distortion of the pattern due to the object in the beam path do not prevent the algorithm to detect the correct superposed pattern. Nevertheless, the reconstructing window size is small enough that the period of the moiré pattern can be assumed as constant. Thus, for example, an image superposed by a moiré pattern with a period of 15 detector pixels can be reconstructed using a minimal window size of 30 × 1 pixels. The window should be orientated perpendicular to the moiré fringes to be able to analyze the fringes. Each window is reconstructed separately. Before Fourier transforming the window, each single window should be weighted with a Hanning filter [17] to avoid discontinuities at the margin of the windows. At the end, the windows are stitched together. Therefore, it is important to overlap the windows to avoid margin artifacts. However, at sharp edges, it is sometimes not possible to use the minimal window size to reconstruct the images because the moiré pattern is severely distorted by an edge of the object. Thus, the different harmonics cannot be detected and separated anymore. Hence, a compromise has to be made between a small reconstruction window to avoid artifacts due to inhomogeneities and a large reconstruction window in order to detect the moiré period even at edges in the image. This piecewise reconstruction technique is subsequently called sliding window reconstruction. In Figure 6b , it can be seen that, by using the sliding window reconstruction, artifacts caused by an inhomogenious moiré pattern can be reduced significantly.
Due to spatial discontinuities at the edge of the reconstruction window, artifacts can be observed at the margin of the reconstructed windows [17] . To avoid these artifacts, only the inner third of the reconstructed window is taken to stick the image together. Thus, the reconstruction windows are overlapping each other.
Using the above described techniques, it is possible to reconstruct images mostly artifact-free ( Figure 7 ). 
Results
To evaluate the ability to reconstruct sharp edges by the different reconstruction methods, a lineplot of Figure 4a is compared to a lineplot of Figure 7a . The lineplot is taken from the edge of the step wedge on the bottom of the figure. It is shown in Figure 8 . The blue line shows the edge reconstructed with a sharp cut in the frequency space. The red line shows the edge reconstructed with the Gaussian cut. Ringing of the blue line can be observed in front of and behind the edge. This ringing is reduced in the red line. Applying the sharp cut, high frequencies are set to zero, cutting the zero harmonic order (Figure 5a ). This is not the case for the presented Gaussian cut (Figure 5c ). Therefore, the blue line is smoothed compared to the red line. Furthermore, it can be observed that the red line shows a steeper gradient at the place of the edge than the blue line. Thus, the edge seems to be better reconstructed applying the Gaussian filter. The contrast to noise ratios (CNRs) of the three image modalities have been evaluated for the moiré imaging approach in comparison to the conventional phase-stepping approach. The results of the measurement are shown in Table 3 . The regions of interest (ROIs) that were used to calculate the CNRs are marked in Figure 9 . It can be seen that the CNR values of the differential phase-contrast image and the dark-field image yield comparable results for both reconstruction methods. They are only slightly better for the phase-stepping approach. In the attenuation images, the moiré imaging approach leads to an even higher CNR value than the phase-stepping approach. This is due to the smoothing effect of the moiré imaging reconstruction of the attenuation image. Neglecting the frequencies around the first harmonics reduces the noise in the attenuation image. Reconstructing the dark-field image, all frequencies are taken into account as images gained with both filters are combined to calculate the dark-field image. For the differential phase-contrast image, only frequencies around the zero order harmonic are neglected. Thus, the smoothing in the dark-field and the differential phase-contrast image are not as emphasized as in the attenuation image. Table 3 are shown. In the left column (a,c,e), the images are obtained using the phase-stepping approach, in the right column (b,d,f), the images are obtained using the moiré imaging approach. The attenuation images (a,b), the differential phase-contrast images (c,d) and the dark-field images (e,f) are shown. The green circle in the dark-field images (e,f) mark an artifact that is more emphasized in the moiré imaging approach. For further investigations, a human finger has been imaged to show the capabilities of the improved reconstruction algorithm. The three image modalities reconstructed with the conventional technique and with the improved algorithm, in comparison with the phase-stepping method, are shown in Figure 10 . Especially in the differential phase-contrast and the dark-field image that are reconstructed with the conventional algorithm (Figure 10f ,i) moiré artifacts can be seen. These artifacts can be completely removed applying the presented, improved reconstruction algorithm (Figure 10e,h) . It can be seen that the image qualities of the phase-stepping approach and the moiré imaging approach reconstructed with the improved algorithm are comparable. 
Discussion
This work shows that it is possible to depict an object in attenuation, differential phase-contrast and dark-field image with the single-shot moiré X-ray imaging method. The CNR values of the images reconstructed with the moiré imaging approach are comparable to those of the phase-stepping images. Nevertheless, the spatial resolution is reduced in the images acquired by moiré imaging. This can be seen at the edges of the phantom components. The spatial resolution cannot be directly measured using a line phantom because the structures of the line phantom superpose with the structures of the moiré pattern. This leads to a further moiré pattern and thus the line phantom cannot be reconstructed correctly. In future experiments, it would be interesting to quantify the loss in spatial resolution by different approaches. This is a complex problem and needs further investigation.
It has to be mentioned that the object interested in medical imaging normally does not show periodic structures on the scale of the moiré pattern. Thus, the correct reconstruction of medical images should not be a problem. The sensitivity is the same as in the phase-stepping approach.
Furthermore, artifacts resulting from grating imperfections are more emphasized in moiré imaging. This can, for example, be seen in the dark-field image (Figure 9e,f) of the sponge (top), near the left margin of the image. An area with low signal (black dot) is visible for both image acquisition domains, but it is more emphasized in the moiré imaging. The area is marked by a green circle.
Nevertheless, with the help of the improved reconstruction technique, it is possible to reconstruct images with a good image quality as could be shown by comparing the CNR values. Thus, it seems appropriate to implement this single-shot imaging method in Talbot-Lau interferometry and improve its feasibility for workflow processes in clinical or industrial domains. Image acquisition time is mainly limited by the read-out time of the detector. As the moiré images are acquired by a single-shot approach, the detector is read out once for the moiré imaging approach. For the phase-stepping approach, the detector is read out after each phase-step. In the presented case, nine phase-steps have been performed. Additionally, in the phase-stepping approach, the time that is necessary to move the grating has to be added to the whole imaging time. To further accelerate the moiré imaging process, a high photon flux is advisable. Thus, the exposure time of the single-shot exposure can be shortened while keeping the dose constant. A higher photon flux cannot be used to accelerate the imaging process in the phase-stepping procedure. The exposure time of each phase-step is very short, so there is no need to shorten the exposure time for a single phase-step.
Hence, artifacts due to the object motion or setup instabilities can be reduced. For example, in lung imaging, the moiré imaging approach opens up new possibilities as motion artifacts due to breathing of the patient are no longer a problem. In particular, the moiré imaging approach is very promising regarding lung imaging due to its single-shot character. In this case, no high spatial resolution is necessary as especially the scattering properties of the lung tissue that are related to the air-filled aveola structure is of interest. Additionally, no high spatial resolution is necessary for depicting a lung in dark-field image. Hence, the reduced spatial resolution of moiré imaging is no problem for this application. There are many more fields of application for moiré imaging that should be evaluated in the future. For example, due to the fast image acquisition process, single-shot moiré imaging methods allow X-ray phase-contrast fluoroscopy or CT imaging. This is an important step towards the daily use of X-ray phase-contrast imaging in medical or industrial applications.
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